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Abstract
Deployed on a commercial airplanepimn exchange membrane fuel cells may oéfeissions

reductionsthermal efficiency gaingndenabek locating the power near the point of usehis
work seeks to understand whetherbmard fuelcell systems are technically feasible, and, if so,
if they offer a performance advantage for the airplane as a whole.

Through hardware analysasmdthermodynamic and electrical simulation, we found that while
adding a fuel cel | ayferthe PEMduslicell gnd hydrabenystdrageis e ¢ h n
technically feasible, it will nolikely give the airplane a performance benefit. However, when

we redid the analysis using DOtarget technology for the PEM fuel cell and hydrogen storage,

we found thathe fuel cell system would provide a performance benefit to the airplane (i.e., it

can save the airplane some fuel), depemadimthe way it is configured.
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Summary

Fuel cells have become increasingly important as adtéve sources of power, offering the potential for
drastic reduction in emissions in particulate matter (PM), nitrogen oxideg) (@ CQ@ In addition,

they offer exceptionally quiet operation, highly efficient use of the fuel energy, and a highyenerg
storage density compared to batteries. For a number of years, the manufacturers of commercial
aircraft, most notably Boeing and Airbus, have realized that fuel cells may offer advantages for
commercial aircraft operation. Apart from emissions redudiiand thermal efficiency referenced

above, they can constitute distributed power systems, enabling locating the power near the point of use
and also reducing the power draw from the engines.

The real question is if fuel cells offer operational advantanyes traditional power in systems that are
used routinely in flight, for example galley power, in flight entertainment, and to provide additional

L2 6SN) G2 GKS FANONIFdG St SOGNAROFE 3INARR 6KSy aLISH{S
is timely, as the electrical needs-tward are going up considerablyith systems that were formerly
hydraulic in operation are converted to electric operat{dh For the new Boeing 787, the aircrafide
electrical generation capacity is 1.5 Mydlmost an order of magnitude larger than previaiesigns.

This study, then, is an initial investigation of the use of proton exchange membrane (PEM) fuel-cells on
board commercial aircraft. We seek to understand how to physically deploy a fuel cell on an aircraft,
understand the impact on system volemweight, ando understand the impact on jet fuel

consumption, both in relation to fuel currently devoted to electricity generation, and the overall fuel
neededby the airplando fly a given mission.

To accomplish thianalysistwo basic airplane desig were considered: one airplane without a fuel cell

(the base airplane), and one airplane designed to perform the same mission as the first airplane, only

carrying a fuel cell and associated hardware to fulfill a specific electrical need. The differémee

performance of these two airplanes is made quantitative by calculating the fuel required to fly the

mission in the two cases, which requires urgtanding the influence ofleight anddrag. Calculating

the required fuel also allows us to assess figd as it directly relates to power generation on the

airplane. The key point here is that we assess not onlylibeefit of the fuel cell on generating

electricity, but also theenalty KS FdzSt OStf aeadSyY KIFa 2yddédkS [ A NLJX
weight and possibly dragtombiningthese twois necessary tdetermine the overall effect of the fuel

cell system.

We performed the analysisy designing andxaminingseveral system options using realistic

assumptions about performance and sizdh# various components. Aftassessmendf the available

state of the art in commercialigvailable PEM fuel cells, the Hydrogenics HyPM 12 PEM fuel cell was
chosen as a unit representatied the industry For hydrogen storageeseral options were caidered:

350 bar compressed gas, 700 bar compressed gas, metal hydrides, and liquid. 350 bar compressed gas
was selected for use in the analysis due to its combination of high specific energy and current
availability. Other equipment such as heat exchang, blowers, and pumps were all selected based on
commercially available units with the specifications appropriate for the system. For the electrical
components, a £270 Volt DC distribution system provided the lowest system weight, although the



increasein weight due to a 230 Volt AC system was less than 50 kg (110 Ib). Both of these options
provide the advantage of direct interface with the existing electrical system on the 787.

After consideration of factors such as safety, available space, mainteramdeviring and tubing/piping

f Syaikaz ¢S OKz2a$S (2 t20FG4S GKS FdzS5t OStt aeaidsSy
fuselage), although locating the system in the tail cone would not change the results by much. Locating

the fuel cellsystem next to the load it serves could save up to 150 kg (331 Ib) of mass and provide some
redundancy benefits, but this was avoided because of the concern with occupying space that is currently
used for other purposes.

The amount and method of recoveritige heat rejected from the fuel cell (waste heat recovery) was

found to be a critical factor in determining the performance benefit of the fuel cell system. To this end,

eleven different waste heat recovery options were examitfemodynamically We faind that a

system that uses the heat from the fuel cell to #reat the jet fuel carried by the airplane will provide

the largest overall performance benefit. This method of heat recovery is already used in commercial

airplanes within the engine compartmg where the lubrication oil is cooled by jet fuel, and it is more
dzoAljdzA G2dza Ay YAfAGFINEB FANDNIFTO 6KSNB GKS FdzSt Aa

2S O2yAARSNBR (GKS AyaSaANIrdAaAzy 2F (KS feraz8t OStt ae
necessary to ensure that the addition of the fuel cell system does not disrupt the electrical system or

cause instabilities. Through dynamic simulation we found that the fuel cell system performed

satisfactorily whether connected to the airplaRed & & & ( S Y -a®ri¢Jsyistém. lin fadt (olir yesults

indicate that the integration of the fuel cell system with the existing electrical system may provide a

faster response to load changes.

In the end, we found thatvhile adding a fuel cellsysteod A y 3 (2RI 8 Q& G(SOKy2f 238 73
and hydrogen storages technically feasible, will not give the airplane a performance benefit no

matter which configuration was chosen (although there may be other benefits that make it worthwhile

fromthel A NLJ | yS YI ydzFl OG0 dzZNENRA& 2 NJ | A NAidtyeSueasisdgng y i 2 F
DOEtarget technology for the PEM fuel cell and hydrogen storage, we found that the fuel cell system

would provide a performance benefit to the airplane (i.i2 ¢an save the airplane some fuel), depending

on the way it is configured. This analysis also showed thaD@etarget technologyuel cell system

couldgenerate electricity using over 30% less fuel than the current airplane, even considering the

pend 0AS& Rdz2S (G2 GKS 7FdzSf OStf aeadsSvyQa ¢SA3IKEG | yR
such systems, it could save over 20,000 metric tons g@ually.
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guantity of water not intentionally limited. The excess hydrogen from the fuel cell is kept
separate from the air and instead combusted in a hydrogen furnace to produce high
temperature waste heat which is used to heat the galley ovens. The oven exhaust further
KSIGda GKS g G§SNW ¢KAAd RSaA3Iy R2S3a .y2.0..NEIldzA NBE |
SttQ
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CAIdz2NE oY {OKSYIFGAO F2NJ /&S cod ¢KS FdzSt OStfQ
FANLI ' ySQa F¥dBK® TFTeEKI @it TNR | f a2 dzaSR G2 KSI
condensed water in the process. A secondary coolant loop is used to prevent mixing of the
FANLI ' ySQa FdzSt gAGK FANI 2NJ g G4SN b2 20KSNJ gl 2

arL I y$oa 022t Ay3..22405Y 4. LNB. Y .SSRERD. ... 78

Figure 40: Overall system efficiency of the eleven system case options for the 26lightin
entertainment load. The cases with the most waste heat recovery (caBgbave the
highest overall System effiCIENCIES........c.oviiiiiiii e 79
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Figure 41: Summary of the mass analysis for each case. The different colors in the narrow bars
represent different components. Quantities above the zkme are for mass added thé
system, and quantities below the zelioe are for mass credits. The net change (the sum of
the added mass and mass credits) is shown by the wide hollow bar. For comparison, the
Ggadl yRFNR LI 3aSy3aSNE KFa | Yhaa..2f..wan....1.?® o0HoOnN

Figure 42: Summary of the volume analysis for each case. The volume of each component is
shown by a different color. The largaslumes of the aicooled cases (1a and 1b) are due
to the larger heat exchangers required in addition to the increased fuel cell and hydrogen
requirements. Because volume is most influenced by the size of the fuel cell and hydrogen
tanks, the difference between the other cases are relatively small. For comparison, a
typical galley beverage cart has a volume 0f 240 L (8.5.ft.......coieeeeeeeeeeeeeee e 80

Figure 43: The overall effect of the fuel cell system on airplane performance, as measured by the
amount of additional JeA the fuel celequipped airplane needs to accomplish the same
mission as the base airplane. The numbers in parenthesis expisssriount as a
percentage of total mission fuel. Only Cases 4a, 4b, and 5 results in a performance.benefigl

Figure 44: Massistribution for Case 2a (water cooled, no heat recovery) for the different loads,
using current technology for the fuel cell and hydrogen storage. The different colors in the
narrow bars represent different components. Quantities above the-lireoarefor mass
added to the system, and quantities below the zire are for mass credits. The net
change (the sum of the added mass and mass credits) is shown by the wide hollow bar. For

O2YLI NR&2ys (GKS aadl yRINR LI a&dhy Hdes.. . K..a87F Y &

Figure 45Mass distribution for Case 3b (water cooled, water recovery, limited hot water) for
the different loads, using current technology for the fuel cell and hydrogen storage. The
different colors in the narrow bars represent different components. Quantitiewvea the
zeraline are for mass added to the system, and quantities below the-tieecare for mass
credits. The net change (the sum of the added mass and mass credits) is shown by the wide

K2t t26 o0 NI C2NJ O2YLJ NR az2ynfla4Kg23ai®m il y RF NR LJ &

1Tod [0 o gl N[00 o = Lo = NPT PP PPPPPPPPTR 88

Figure 46: Mass distribution for Case 6a (fuel cooled) for the different loads, usiegtc
technology for the fuel cell and hydrogen storage. The different colors in the narrow bars
represent different components. Quantities above the zime are for mass added to the
system, and quantities below the zelioe are for mass credits.h& net change (the sum of
the added mass and mass credits) is shown by the wide hollow bar. For comparison, the
Gadl yRFNR LI &daSy3aISNE KFa | Yh.aaia..2%f..uan...1.8 oHon

Figure 47: Summary of the volume analysis for Case 2a (water cooled, no heat recovery). The
volume of each component is shown by a different color. For comparison, a typical galley
beverage cart hga volume 0f 240 L (8.5)ft.........c.cevivererieeeeeesteeeeee et ses e ee s et en st ennas 90
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Figure 48: Summary of the volume analysis for Case 3b (water cooled, water recovery, limited
hot water). The volume of each component is shown by a different color. For comparison, a
typical galley beverage cart has a volume 0f 240 L (8.5.ft.......cvovoeeeeeeeeeeeeeeeeeeee e, 90

Figure 49: Summary of the volume analysis for Case 6a (fuel cooled). The volume of each
component is shown by a different color. For comparison, a typical galley beverage cart has
A VOIUME OF 240 L (8.5 ...ttt ettt ettt en e n e en s en e 91

Figure 50: The overall effect of the fuel cell system on airplane performance, as measured by the
amount of additional JeA the fuel celequippedairplane needs to accomplish the same
mission as the base airplane. The chart assumes current technology for the fuel cell and
hydrogen storage systems. As a comparison, the base airplane on the base mission is
estimated to carry 22,680 kg (50,000 Ih)JetA at takeoff...............coooeiiiiicciiiii 92

Figure 51: Mass distribution for Case 2a (water cooled, no heat recovery) for the different loads,
using D@& target technology for the fuel cell and hydrogen storage. The different colors in
the narrow bars represent different components. Quantities above the-lneecare for
mass added to the system, and quantities below the Zer® are for mass creditsThe net
change (the sum of the added mass and mass credits) is shown by the wide hollow bar. For
O2YLI Nxazysz GKS qadl yRFNR LI daSy3ISNE..KL.Aagl Yl

Figure 52: Mass distribution for Case 3b (water cooled, water recovery, limited hot water) for
the different loads, using DOE target technology for the fuel cell and hydrogen storage. The
different colors in the narrow bars represent different components. Quantities above the
zeraline are for mass added to the system, and quantities below the-tieecare for mass
credits. The net change (the sum of the added mass and mass credits) is shinemiige
K2t t2g 0l NI C2NJ O2YLI NRaz2ys GKS daadl yRFENR LI 3
1Tod [0 o TaTo N[00 o = Lo = NPT PPPPPPRPTR 95

Figure 53: Masdistribution for Case 6a (fuel cooled) for the different loads, using DOE target
technology for the fuel cell and hydrogen storage. The different colors in the narrow bars
represent different components. Quantities above the zime are for mass addet the
system, and quantities below the zeliae are for mass credits. The net change (the sum of
the added mass and mass credits) is shown by the wide hollow bar. For comparison, the
GadrkyRFNR LI &aaSy3asSNE KlFa | Ylaa..2F..uman..l.9% OHO

Figure 54: Summary of the volume analysis for Case 2a (water cooled, no heat recovery) with
DOE target technologyThe volume of each component is shown by a different color. For
comparison, a typical galley beverage cart has a volume of 240 L}8.5.ft..........ccccceevruenne.. 97

Figure 55: Summary of the volume analysis for Case 3b (water cooled, water recovery, limited
hot water) with DOE target technology. The volume of each component is shown by a
different color. For comparison, a typical galley beveragehas a volume of 240 L (8.5
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Figure 56: Summary of the volume analysis for Case 6a (fuel cooled) with DOE targettgachnol
The volume of each component is shown by a different color. For comparison, a typical
galley beverage cart has a volume of 240 L (85 £........ccioeeeeeeeeeeeee et 98

Figure 57: The overall effect of the fuel cell system on airplane performance, as measured by the
amount of additional JeA the fuel celequipped airplane needs to accomplish the same
mission as the base airplane. The chart assub@g target technology for the fuel cell and
hydrogen storage systems. As a comparison, the base airplane on the base mission is
estimated to carry 22,680 kg (50,000 Ib) ofBedt takeoff..............coooiiiiiiicii 98

Figure 58: The amount of fuel required by the base airplane and the airplane with the fuel cell to
generate electricity and heat for the different load scenarios. The base airplane uses the
main engine generator with a fueb-electricity efficiency of 34%, while the fuel cell
assumes the fuel cooled configuration with DOE target technology. The numbers are
presented DElOW iN TADIE L. 99

Figure 59: Yearly avoided &#nissions for a fleet of 1,000 fuel eceljuipped airplanes
operating 750 hrs/yr, using a fuel cooled fuel cell system (Case 6a) and renewable hydrogen,
and comparing to the base airplane generating electricity via the main engines at 34%
2T [ 2SO 101

Figure 60: Allowed voltageansient for 28 VDC systems. During transients, the system voltage
must not go higher than the top solid line or lower than the bottom solid line. (Figure 13 in
MIL-ST70AF [B1].) - vveeeiueeeeeeiuiieeeaitieeeeesiteteeasteeeeesteeeeasssaaaeaassaeeeasssaeeeansseeesaaseseeesnsseeeeanssenesns 102

Figure 61: Allowed voltage transient for 270 VDC systems. During transients, the system voltage
must not go higher than the top solid line or lower than the bottom solid line. (Figure 16 in
MIL-STI70AF [BL].): . ueeeeiutueeeeiiiieeesitieeeesieeteeateeeeeastaeeeasssaaaeasssaeeessssaeeeansseeeeaasseeeeannseeeesnssenenns 103

Figure 62: Standlone galley system simulation: voltage as measured at the.load..................... 104

Figure 63: Standlone galley system simulation: Detail of the voltage transiet s¢conds,
showing that voltage recovers to more than 22 V within about 0.0001 seconds, easily

satisfying the MHESTD704F reqUIrEMENTS........uueiiiiiiiiiiieiee e e e et e e s e e e e e 105
Figure 64: Standlone galley system simulation: Power response from the fuel cell and the fuel

CEIl + DEDC CONVEITRE......tteieiitie ettt ettt et e et e e ekt e e e e e e e b e e e e e e e e nne s 105
Figure 65: Peaker system simulation: POWET r€SPONSES.......ccoiiiiiriiiiieeeiaiiieiee e iiiireeee e e e 106

Figure 66: Peaker system simulation: Voltage at the load. Detail of the transient at 2 seconds
(where only the engine generator is supplying power) is shown in Figure 67. Detail of the
transient at 4 seconds (where the fuel cell is supplying the additipawer) is shown in
Figure 68. The system is stable and the transients are all within th& MBLO4F
5] 0L 0= 1o LSS 107
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Figue 67: Peaker system simulation: Detail of the voltage transient at 2 seconds as shown in
Figure 66. This load change is fully met by the engine generators. The transient recovers
within the time specified by MEIBTD704F...........cco o 108

Figure 68: Peaker system simulation: Details of the voltage transient at 4 seconds as shown in
Figure 66. This load change is fully met by the fuel gstiés1. The transient recovers
within the time specified by MIBETD704F, and has a much faster recovery than that of the
engine generator aloNe (FIQUIE B7.)........uuuiiiiiiiiiiiieee et e e 108
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Nomenclature

Acronyms

ACH Air Changes per Hour

APU Auxiliary Power Unit

DOE Department of Energy

ECS Environmental Control System

FAA Federal Aviation Administration

HHV HigherHeatingValue

IFE In-flight Entertainment

LH Liquid hydrogen

MEA More Electric Airplane (airplanes), or Membrane Electrode Assembly (fuel cells)
MW Molecular weight

nm nautical miles

PECS Power Electronics Cooling Loop

PEM Proton Exchange Meméane

PEMFC Proton Exchange Membrane Fuel Cell
PI Proportionalintegral

SCFM Standard Cubic Feet per Minute

V-i Voltagecurrent

Symbols

a Seed of sound
Cr Thrust specific fuel consumption

G Coefficient of lift

G Coefficient of drag

G Drag due to the reation of lift

Goo Parasitic drag

E Nernst Voltage

F Faraday constant

I Stack current

i Limiting current density

io Exchange current density

K A constant

M Mach number

a Mass flow rate

N Number of cells in the stack

n Number of electrons transferred per mole of reactant

P Electrical and/or thermal power delivered by the system
Py Pressure upstream of the pump

P, Pressure downstream of the pump

Px Partial presste of species X

17



R

r

U

Uo2

\'%

W,

W,
WF, used
WF, reserve
WO EW
We

Greek Letters
D
a
h

hPump

Range of the airplane

Internal resistance

Fuel utilization

Oxygen utilization

Specific volume

Airplane sarting weight(takeoff weight as used)

Airplane final weight (landing weight as used)

Fuel burned durinthe mission

Extra fuel that must be carried but is not used in normal missions
Operating empty weight

Payload, including passengers, their baggage, and cargo

A change (e.d)Wk usediS @ change in fuel used)
Charge transfer coefficient

Thermal efficiency

Pump efficiency
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1 Introduction

Fuelcells have become increasingly important as alternative sources of power, offering the potential for
drasticreduction in emissions in particulate matter (PM), nitrogen oxides)N@d CQ@ In addition,

they offer exceptionally quiet operation, highly efficient use of the fuel energy, and a high energy
storage density compared to batteries. For a numbeyaars, the manufacturers of commercial

aircraft, most notably Boeing and Airbus, have realized that fuel cells may offer advantages for
commercial aircraft operation. Apart from emissions reductions and thermal efficiency referenced
above, they can constite distributed power systems, enabling locating the power near the point of use
(reducing wiring) and also reducing the power draw from the engines.

Recentlythe German Aerospace Cent&L(R has conducteduccessfullight tests of a fuel cell power
system for hydraulic backup pow§2], and a fuel celbowered nose wheel drive mot¢8]. In addition,
Boeing hadbeen examining the se of fuel cells foon-board electricapower generation for at least the
past 10 years, including for distributed power systefds/]. A few years ago, Boeingapsored a
Sandia study which examined the use of a PEM fuel cellrionaair turbine RAY emergency power
backup systeni8]. The results ahat study (SANDReport 2007-4542B indicated that the fuel cell could
successfully replace a conventional RAT, but offéitéel performanceadvantages.

Realizing that it may be difficult to introduce fulls directly on aircraft without some prior

experience, there has been increasing interest in the use of fuel cells in aviation ground support
equipment (GSE). Both Boeing ahd USDepartment of EnergyD(OB have funded Sandia to design

and construct fuel cell based mobile lighting system to replace existing mobile lights that use diesel
generators. This project has led to the first commercial offering of a fuel cell based piece of construction
equipment (thefuel cellmobile light) by Multiquip, lo.

Turning attention back to ehoard uses, the DOE became interested in examining in a broad way if fuel
cells might offer an operational advantage over traditionalbmard power systems (generators based

off the jet engines). The purpose was to go baythe rather narrow application of a RAT, which itself

is rarely used. The real question is if fuel cells offer operational advantages over traditional power in
systems that are used routinely in flight, for example galley power, in flight entertainmedto

LINE GARS FTRRAGAZ2YLFE LIRGSNI G2 GKS | ANONIFG St SOGNRO
the use of fuel cells is timely, as the electrical needbaard are going up considerably as systems that
were formerly hydraulic in operatn are converted to electric operatidi]. Fao the new Boeing 787,

the aircraftwide electrical generation capacity is M8V ¢ almost an order of magnitude larger than for
previous designs. This study, then, is an initial investigation of the use of fuel ebisu@hcommercial
aircraft. Thistsidy is limited to PEMukel cells. We seek to understand how to physically deploy a fuel
cell on an aircraft, understand the impact on system volume, weightf@odderstand the impact on

jet fuel consumption, both in relation to fuel currently devotedelectricity generation, and the overall
fuel needed to fly a given mission.
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1.1 Content of the Report

This introduction is meant to orient the reader to the topic, and also to the particular aspects that this
study addresses. It includes background imfation on fuel cells used on airplanes, highlights of the
insights learned from the study, and a description of the approach.

While this report assumes a general familiarity with fuel cells and energy systems, it does not assume
anything beyond popular kndedge of commercial airplanes or airplane systems. Therefore, Chapter
introduces the reader to the key concepts needed to understand the airplane application. These
concepts are useful to understand the context and impidges of putting a fuel cell system évoard a
commercial airplane. This includes the critical aspect of how to account for the effect of the fuel cell
system on airplane performance.

Chapter3 describes the components that rka up the PEM fuel cell systeand the issues related to
NEO2@SNAY3a (GKS ¢l adsS KSIG Iy Rtindué backydundivdndation 2 OF A
on fuel cells and hydrogen storage, as well assiecific information needed to estimate tls&ze and

performance of the components. Estimated uses of waste heat are discussed. A description of the

options for locating the system on the airplaal®ng with pros and cons of each option are also

described.

Chapterst and5 gives the details on the thermodynamic and electrical models, respectively, used to
simulate the different orboard systems. This includes specific model components, calculations,
assumptions, and inputs.

Chapter6 presents the results of the analyses. It begins with the results relategsiem design and
feasibility; that is, how the system would be best installed on the airplane, the thermodynamic
performance of the various heat recovesptions, and the selection of systems that give the best

overall performance benefit to the airplane. The second section of the chapter explores in more detalil
the systems selected from the first section for their performance serving combinations céioels

possible electrical loads. The last section of the chapter shows the results using the exact same method,
but with future technology assumed for the fuel cell and hydrogen storage, to forecast what the effect

on the airplane would be if DOE targéts these technologies are met.

Finally, Chapte®d provides the overall conclusions and recommendations that result from this study, as
well as some suggestions on future work to further enable the energy efficiency beheafitmay result
from deploying PEM fuel cells on commercial airplanes.

Some questions that this report answers are:
1. Isittechnologically feasible to install and operate a PEM fuel cell systentboard a commercial

airplane?

f Itisfeasible and possibl@uhA y3 G 2RI 2Qa (GSOKyz2f238 FT2NJIff O
with(i 2 RI 8 Q& Fdz8f OStt |y Rnajoet BeNBla@plovidedreovdral § G S O
performance benefit to the airplangseenext question).

2. How does using future technology, suels DOHarget technology for the fuel cell and hydrogen
storage, affect the results?

2Y
Ky
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9 Contrary to systems using current technology, some systems usingabgeEtechnology for
the fuel cell and hydrogen storage system were shown to offer performance ibetethe
airplane.
3. Because the fuel cell system is small compared to the entire airplane, can the effect of its size on
GKS FANLI ' ySQa LISNF2NXIFyOS 6S yS3at SOGSRK
1 No. The addition of a fuel cell system adds mass, and possibly drag, to the aifMaiethis
LISyltde YlIe 6S ayvYrftf O2YLINBR (G2 GKS SYyGANB | A
benefit. @izt YGATFAOIGA2Y 2F (GKAa LISylrftide FYR O2YO0AYAy
to determine the overall effect of the fuel celfstem.
4. 5254 GUKS IRRAGAZ2Y 2F GKS ¥FdzSt OStt aeadsSy | ROSN
1 There is no adverse effeciThe system remains stable and meets the specificationsSVIE
704F) for transient responses. In fact, the electrsgstem with a fuel cell attached was shown
to have a faster transient response than the existing system.
5. How important is it to recover waste heat and liquid water from the fuel cell?
1 Very important. Recovery of waste heat and liquid water is what ey ghe fuel cell system
G2 aLIl & F2NI AGaStTeé O0APSHE 2FFaSh Ada 6SAIKAE A
the airplane.
6. 1 26 R2Sa (KS OK2AO0S 2F f2FR FITF¥SO0G GKS ¥FdzSt OSt
1 Aload that requires the fuel cell to opegaais close as possible to full load throughout the flight
will provide a larger performance benefit than one that operates at part load or only for
portions of the flight. The reason is the recovery of waste heat and water, as indicated in the
previous gestion. That being said, there may be other reasons to operate a fuel cell sparingly
during flight, such as durability concerns.
What aresomemethods to recover the waste heat ehoard the airplane?
1 While heating water is one method, the amount of heanhgrated by the fuel cell exceeds the
FY2dzyd 2F K284 61 GSNJ ySSRSR® LyadSrRZ KSFdAy3
KSFG FTYyR LINPGARSA || LISNF2NXIyOS o0SySFTAG G2 GKS
8. Where should the fuel cell and hydrogenasage be located?
1 The fairing (area around where the wings intersect the fuselage) and tail cone offer similar
benefits, including available space. For this study, the fairing is chaseating the fuel cell
near the load could provide redundancy béditeand reduce piping, tubing, and wiring mass,
but the effect is small and it is likely to occupy space that is currently used for other purposes.
9. What electrical distribution methods are feasible?
1 Az 270 Volt DC distribution system was found to beldwestmass system. However, either
this or a 230 Volt AC system is feasible. Low voltage (e.g., 50 Volt DC) systems are not feasible
due to very high current requirements.
10. What effect could a fuel cell system have on electrical generation efficiency @aHemissions?
1 Including the penalty associated with carrying the fuel cell systestoamd using a PEM fuel
cell system could decreasige amount of jet fuel needed to generatdectricityby over 30%.
The amount of C&that could be avoided by a fleef PEM fuel cell equipped airplanes could be
over 20,000 metric tons per year (assuming renewable hydrogen istogexverthe fuel cell).

~
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1.2 Analysis Approach

The purpose of this study is to find how deployment of a fuel cell on a commercial airplanarmbar

of different uses would affedhe electrical infrastructure of the airplane atige overdl performance of

the aircraft. To accomplish this, two basic airplane designs were considered: one airplane without a fuel
cell (the base airplane), and oaéplane designed to perform the same mission as the first airplane,

only carrying a fuel cell and associated hardware to fulfill a specific electrical need. The difference in the
performance of these two airplanes is made quantitative by calculatinduitlarequired to fly the

mission in the two cases, which requires urgtanding the influence of drag. Calculating the required

fuel also allows us to assess fuel use as it directly relates to power generation on the airplane.

1.2.1 Base Airplane and Mission

The airplane selected as the basis for this study is a derivative of a Boeir&y B@wn irFigurel.
G5SNRAGIFGADBSE YSIya (KFEG gKATS 8K aiphds dwhich@l GA 2y &
fuel cellis deployed would be a different model not currently planned by Boeing. This platform was

selected prinarily because it represents the stapé-the-artindy 2 NE St SOGNAR O | ANLIX | yS¢§
The MEA differs from traditional airplanes in that manyt®tystems that were previously powered by
pressurized air extracted from the main engines (bleed air) or by hydraulic power are now powered by
electricity. Thesadditional electrical loadmcludeengine startwing deice, cabin environmental

control and pressurizationprakes, andlight controls[9]. This totally redesigned, much larger electrical
systemcould potentially be moreeadily adapted to incorporatanon-board fuel cell. In addition, the

larger electrical load means that the potentimnefit to using fuel cells to replace current generators

might be higher than for currentesselectric airplanes.

Figurel: TheBoeing78y A& | aY2NB St SOGUNRO FANLIEFYySé GgAGK Ylye 2F (KS
This results in a high ehoard electric geneating capacity (nearly 1.5 MW). Image ©Boeing, used with permission.
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Figue 2: The mission modeled for this study is a transcontinental flight between San Francisco International Airport (SFO)
and John F. Kennedy International Airport (JFK).

The mission we model is a transcontinental flight betweenancisco International Airport (SFO) and
John F. Kennedy International Airport (JFK) in New York City, a distaht8%km(2,235 nn) as
shown inFigue 2 below. This choice was made as being a tyjmtatmediatelengthflight for a 7878.

Three electric loads were considered for the application BEMfuel cell system: (1) thgalley (see
Section2.2), (2) inflight entertainment system (see Secti@rb), and (3peaker (see Sectidh6). These
systems currently draw power from the main engines. These applications were chosen as being likely
first deployments of moderate sized (260kW) fuel cellsBoeing is currently assessingf celtbased

galley systems in its own wofkQ].

LG Aa AYLRNIIFIYG G2 NBOASE (KS aBedmodelYThesdJS OA TAOF (A 2
specifications are indicated fablel below. These specifications were obtained frRef.[11] and

from conversations with Dr. Joe Breit, Associate Technical Fellow of the Systems Concept Center of
Boeing Commercial Airplas.
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Tablel: Specifications of the base airplane and flight mission used in this study

Airplane Specification$11]

Model Boeing 7878 derivative
Max Desigrirakeoff Weight 227,930 kg502,500Ib)
Length 56.72 m 186.1 f)
Wingspan 60.12 m 197.25 )

Seating Configuration

Short to Medium Range, Dual Class

Passengers as Configured

201

Maximum Passengers (for System Design)

Mission Specifications

375

Route SFO <> JFK
Distance 4,139 km 2,235 nnj
Total Duration 5 hr

Fuel Requred for Mission, including reserves
(see Sectiorz.7.2.1for how this was
determined)

22,680 kg%0,000 If)

Segments and Durations

Load Specifications

Ground Taxi: 8 min.
Takeoff and Climb: 20 min.
Cruise: 4 hr.

Descent and Lamag: 25 min.
Ground Taxi: 7 min.

(from conversations with Joe Breit, Boeing)

Galley:
Load 40 kW (forward), 20 kW (mid), 60 kW (aft)
Segments Initial Ground Taxi, Takeoff and Climb, and Cruise
In Flight Entertainment:
Load 20 kW
Segmers All
Peaker:
Load 75 kWper engine x 2 engines = 150 kW total
Segments OnlyDescent and Landing
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2 Airplane Systems and Concepts
An understanding ahe I A NLJ | y S Q 3perfdrin@ndeS Mguiret! fgriinding a practical fuel cell
system stution for this unique application. The relevant aspects of these are described ohyter.

2.1 Environmental Control System

The purpose of the environmental control system (ECS) is to pressurize the cabin, provide a continuous
source of clean air, andaintain the cabin at the desired temperatur&xcept as noted, the reference

for the ECS information j&2].

2.1.1 Pressurization

In the 787, outside air is pregrized by electricallgdrivencompressorso approximatelyl03 kPg15
psigd. Cabin pressure atnormal cruisaltitude between 34,000 to 36,000 f& maintainedat or above
84.1 kPq12.2 psiagorresponding to an altitude of 5,000 ft), and decrease81al kPg11.8 psia,
corresponding to an altitude of 6,000 ft) at cruise altitudes above 40,00@3}ft For reference, at
40,000 feet altitude, the outside air pressure is abd8t8 kPg2.73 psia[14]. Theelectrical load for
pressurization is the largest single load of the airplane at cruise, consawéng5% of the total
electrical power by itselfThe motors are +/270 VDC, adjustable speedhe air intake on the 787 is
from intake manifoldon the outside of the aircraft, sdéigure3.

2.1.2 Clean Air Supply
Federal Aviation Regulations (FARS) require 7.25 g/s (0.55 Ibm/min; 11.9 SCFM) of fresh air per occupant

[15]. Itis assumed that the ECS system is sized to supply this flow for the maximum possible nhumber of

Figure3: Ramair inlet ducts on the 78716).
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passengers, 378prrespondingo a maximum fresh air supply 8f719 g/s(4456 SCFM The fresh air is
mixed with approximately 50% of the a@turnedfrom the cabin cleaned and filteregvith high
efficiency particulate air (HEPA) type filteamnd sent to the cabin air supply systeApproximately
0.33% of the oxygen in the air is consumed in the cabin during napesaation Of the air withdrawn
from the cabin, the remaining 50% is exhausted overbodral put this air flow in perspective, the
entire volume of cabin air is replaced by fresh air about every five minutes. In terms familiar to
buildings, this corresponds to about 12.5 air changes per (®GH) in a commercial airplane while
buildingventilation systems are typically designed jiost 1 to 2.5 ACH.

2.1.3 Temperature Control

The amount of heat generated within the cabin is greater than the amount that is dissitrtedyh the

I A NLJX I yitSs@stimaiell thaf éch passenger generates approximately 100 W of heat, and each
piece of equipment within tb cabin generates heat as wellhe 787 is the firstommercial aircraft with
anall-compositehull, and the composite materiahakes it much rare thermally insulating than a
normalaluminumaircraft structure.

Cabin cooling is accomplished using the fresh air supply. Although the outside air at altitude is cold
(approximately-57°C {70°R), the compression required for pressurizing thisvéll heat it to
temperatures unacceptable for the cab®sCC 200°F)17]. Therefore, after pressurization, the air is
cooled using an air cycle machifgerefrigeration unit that uses air as the working fluid, &8 for

more details) This air is then mixed withe recirculated cabin air, cooling it. The effect is that the air
cycle machine must reject heat not only from the pressurization process, but also all the heat being
generated in the cabinThis heat rejection is accomplished through heat exchangershwtiilize

outside air captured by ram air inleta process referred to as ram air coolildecause ram air cooling
imposes an aerodynamdrag penalty on the airplanehe overall effect of any heat generated on the
airplane is to increase aerodynami@d (see Sectich7.2.9.

2.2 Power Electronics Cooling System

The 7878 is unigue in that it has a separate, liquid cooling system for its many electronic loads and
galley refrigeration unit§13]. The power electronics cooling system (PECS) uses propylene glycol as the
coolant[17] and runs throughout the airplane. Like th& conditioning system, it is cooled by ram air
effectively resulting in a drag penalty for any heat it absorbs.

2.3 Galley System

Galleys provide heated and chilled beverages and food for the passengeFigse=} belowfor an

example Configuration of the galleys is highly customizabletheg are typically configured according

to the customer (airline) desiresHowever, the 787 airplane is designed to meet the maximum

customer requirements of electrical power, water, and wafsom sinks and lavatories. A typical
configuration of an airplane the size of a 787 to have a large galley in the rear, abutting the rear
bulkhead, a smaller (but still complete) galley at the front for servicing first or business class, and small
sub-galleys near the midpoint used for chilled beverage storéggeFigure5 below for this

arrangement. Refrigeration units, ovens (convection and/or steam), and hot water/coffee pots can all
be large electrical loads. Inithstudy it is assumed that the maximum galley load of 120 kW is divided
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units.
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ATTENDANT GALLLY LAVATORY STORAGE WARDROBE

Figure5: Layout of the 7873 indicating typical locations of galleys (G) and lavatories (L). The actual configuration is
customizable and highly dependent on the customer. The nose is to the left. Diagram [ftin

as 60 kW to the rear galley, 40 kWitee forward galley, and 20 kW for the mid galley. Galleys are
active for all phases of flight except for descent, landing, and destination ground taxi. Galley ovens on
the current 787 utilize 230 VAC and the other galley loads 115 VAC, all variabknfrg¢38300 Hz).

2.4 Water System

The 7878 has twab11 L(135 ga) potable water storage tanks located behind the bulk cargo
compartment in the rear of the airplari@8]. Potable water from the airport is treated with ultraviolet
light when it is uploaded to the airplané=rom the orboard storage tanks, the water is pressurized by
electric water pumps and distributed to the galleys danhtories. Galley and lavatory water faucets are
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equipped with electric water heaters for dish and hand washing. In the galleys, water intended for
consumption is further treated with charcoal filters, and is heated using the hot water/coffee pots.

United flight attendants on a recent transcontinental flight (SFH®@D) of a Boeing 777 were able to
estimate actual hot water use on that and other flights. The data from these conversations were used
to estimate that on a typical transcontinental flightta 787 less tha2.4 L 6.5 ga) of hot water
beverages would be used for a missewveraged hot water flow d.21 LPMO0.055 gpn). Of course

this number will vary from flight to flight, even on the same route, and this does not include hot water
usead for washing or lavatories. However, this gives a rough esfleragnitude estimate of hot water

use that is useful considering the lack of any measured data.

The 7878 differs from other aplanes in that all waste water (everything that goes down & sirtoilet)
is collected on board. The waste tank has a capaf1,628 (430 gal)

2.5 In-flight Entertainment System

The inflight entertainment (IFE) syste(Rigure 6) includes all electronics for providing movies, TV

shows, ad audio programming for the passengers, but excludes any electrical receptacles that may be
provided forpowering or chargintaptopsandother devices.We estimatethat the IFE system

consumes a maximum of 20 kW and is active for all phases of fligletlFE utilizes 115 VAC variable
frequency (38-800 Hz).

2.6 Electrical Power Gen eration and Distribution System

The 7878 has two 250 kVA generators mounted on each propulsion engine, for a total of 1 MW of
electrical generation capacity during normal fliglfthe auxiliary power unit (APU), used for ground
power and inflight emergency power, consists of two 225 kVA generators for an additional 550 kW of
capacity{13]. The APU on the 787 is not considered to be operating during the normal mission profile
and is ignored for the purposes of this study. However, the APU is another possible early deployment

Figure6: lllustration of typical inflight entertainment (IFEpeatbackdevices. The total IFE load on a 787Zould reach 20
kW during all phases of flightNote: Picture is not from a 787.
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application for fuel cell power, andas been examined in prior studies of aviation uses of fuel [dé&ls
22).

Thetwo engine generators produce power at 230 VAC, and because they are variable speed the
frequency depends on engine operation and can vary froG&®) Hz. Each generator weighs
approximately90 kg 200 19 [17].

One impact of having the main engines generate so much electrical power thuttag periods of low
engine load the amunt of power needed to generate electricity is a large fraction of total engine

output. This occurs primarily during descent and landing, when engines are often throttled back to idle.
At these times, the engine is spinning slowly enough thiieifpower demand(either thrust or

electrical generationjvasto suddenly increasahe S y' 3 Acgrpfessor may cease to function

properly, or stalland the engine would shut dowiThe difference between the stall condition and the
operating condition is refead to as the stall margin. It would be advantageous to remove some of the
electrical burden on the engines during times of low engine power output. This would allow either a
larger stall margin or a reduced engine size for the same stall margin.

An additonal concern is that the engine efficiency decreases with decreasing power. This reduced
efficiency extends to the generators on the engines. As the engine slows during descent and itsnding,
thermal efficiency decreasemaking the overall electricehergy generation less efficient

Ly EOGSNYIFGADBS a2dzNOS 2F LI26SNI GKIF G A addeseefitftadd dzd SR
landing would provide dual benefit, increasing both stall margin and efficiency. In this swdgs kW

peakerfuel celk (one per main engingdperating during descent and landing, is also considered.

However, we do not assess the impact on stall margin or efficiency.
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airplane employs four distinct distribution voltages and types:

1. The 230 VAC system is used as the mainvlhighall current generators feed intoPower from
the 230 bus feeds some large loads, and the other three buses
2. Thex270 VDGystem gets its power from the 230 VAC bus through an auto transformer
rectifier unit (ATRU) and sends it to large motors on the airplane.
3. The 115 VAC system gets its power from the 230 VAC system through an auto transformer unit
(ATU)andd dzA SR F2NJ Ylyeée 2F (GKS FANLIX FySQa fFNBS I
4. The 28 VDC system gets its power from the 230 VAC bus through a transformer rectifier unit
6¢w! 0 FYR AG A& dzZaSR F2NJ YlIye 2F (GKS ANLI I ySQ

The complexity of the electrical 4gm also has the advantage that there are many options regarding
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allow it to tie into either of the DC buses. In addition, several fuel cells could be distributed at the point

of use, eliminating long wire lengths (and/or possibly eliminating the need for redundant buses), as

described in a Boegnpatent[5]. The implications of these options are explored further in Se®idn
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approx.20 loads

Large loads such as:
* Wing lce Protection
+ Hydraulic AC Motor Pump

+ Fuel Pumps
* Galley Ovens + ATRU - Auto Transformer Rectifier Unit
+ Cargo Heaters + ATU - Auto Transformer Unit
ATRU P Bl » TRU - Transformer Rectifier Unit
+270Vdc ! « NGS - Nitrogen Generating System
Distribution » EMP - Electric Motor Pump
Motor « ECS - Environmental Control System
. 150 load
Controllers o — + RPDU - Remote Power Distribution Unit
Large >10 amps: Large >10 amps: * CCS - Common Core System
+ ECS LaviGal fans + DC Fuel Pump + BPCU - Bus Power Control Unit
Adjustable Speed  EqupmeikCosiey ¥ 3 ’ " Igniters + GCU - Generator Control Unit
Motors: Fans RPDU #1 |o#+++evs| RPDU 17| * CCS
* Hydraulic EMP * Window Heat * Flight Deck Displays
. ' etc M + BPCUsIGCUs
T ey N
ECS Fans.
. it "
Engine Start 115 Vac Loads < 10 amps 115 Vac Loads < 10 amps
28 Vdc Loads < 10 amps 28 Vdc Loads < 10 amps

Figure7: Schematic of the Boeing 787 electrical system. The system is complex yet offers many options for elifteetie-
in. Figure taken from Nelsofl3].

2.7 Airplane Performance

Many individual factors can be usealineasure the performance of an airplane depending on the
particular emphasis. These factors include fuel consumption, ratio of lift over drag, velocity (or Mach
number), weight, and fuel capacity. Each of these may be more important than the others for

particular application. However, all of these factors can be combined together to give an expression for
airplane range. The Breguet range equation is a classic method combining these factors, and can be
expressed ap23]:

0
Y ol = 1
E ®

whereRis the rangeathe speed of soundyl the Mach numbergrthe thrust specific fuel consumption,
G the coefficient of lift,G the coefficient of dragy, starting weight, and\, the final weight. The
equation can be used to determine range between any two points on a flight.

2.7.1 Base Airplane, Base Mission

A special case is where the Breguet equation is sdiweithe rangeof an entire mission. In this case,
W, is the weight of the aircraft at takeoff anll¥, is the weight of the aircraft at landing//; can be
expressed as the sum of its parts:

0w W W W W f 2



Woewis the operating empty weight, which is the weight of the structure, engines, furnishings, unusable
fuel, other integral parts of the airplane configticm, and standard supplies, personnel, equipment
necessary for full operationdlVpis the payload, including passengers, their baggage, and ClgQeq

is the fuel burned during the mission, an .s.ndS the extra fuel that must be carried bistnot used

in normal missions.

For this special case the airplane has used all of its\Wielsty upon landing, so thaty, is:
0w W W W (3)
The minimum amount of reserve fuel is regulated by the FAA and depends on the mission length and

destination. Airlines may add to this amount in accordance with their oviigips. In general, the
reserve fuel can be expressed as a fraction of the used fuel:

W j (A AN )

Airplane drag @) has two components, induced dra@y,( due to the creation of lift, and pasitic drag
(Go) due to all other effects including the shape, friction, etc. That is:

o) 0 0 5)

Combining equationgl) through(5) results in a rage equation for the base airplane on the base
mission:

Y —— Ip : e (6)

2.7.2 Effect of Weight and Drag Changes

As mentioned in Seiin 1.2.1, the effect of adding a fuel cell system to the airplane is quantified by
comparing the performance of the base airplane to the performance of the airplane with the fuel cell.
Since this study assumes a derivativéhef existing 787 airplane, we assume there is no change to the
overall shape or flight envelope of the airplane if fuel cells are utilized. This means that, for purposes of
this study, all variables in the range equation are assumed constant betwedrasieecase and the case
with the fuel cell system, with two exceptions. The first is the change in airplane Wiighte to the
additional fuel cell system weight, and the second is the change in the parasitic drag coeffigigume

to additional airplae cooling requirements (as explained in Secidn3. In either case, the effect of
using fuel cells can be quantified by the amount of extra fuel needed (or fuel saved) for the airplane to
accomplish the same mission agthase airplane.

The first step in this analysis is to rearrangd@g
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Sine all the terms on the lefhand side ar¢he same fotthe base airplan@ndthe airplane with the
fuel cell, they can be combined to a single const&nt

Lo P
Ys—=%— U (8)
W LO
Combining equation§’) and (8) shows that
p 5 W
: 9
v o] o] e () W 0w ©
Equation(9) is then solved for the bas@rplane to determine the constart
We want to quantify the effect on the fuel used, sa &) can be rearranged to solve faVg seq
® w Q P
® 10
" p wp Q 9
A change (from the base airplane) in operating empty weilyNbewand/or parasitic dradPGowill
correspond to a change in the fuel us@Wr s Equation10) can then bewritten as:
y ) Yoo O Q y P
@ Yoo i 11
h h D ) P 0 Yy ( )
Solving foDWE yseg@nd combining the dragetms using Ed5) gives:
. @ Y @ Q 7
Y6 P o (12)

p wp Q Y

This gives the additional futilat must be carried for the airplane with the fuel cell system to achieve
the same mission performance as the base airplaBincluding the effect of both additional weight
and drag, iautomatically takes into account the interaction between the twéowever, the
disadvantagés only the combined effect can be seen.

To better understand the individual effects of the weight and drag, the results shown in this report solve
Eq.(12) twice: once for a change in weight assumirgamange in drag, and once for a change in drag
assuming no change in weight. The fuel changes are then added. The slight error of using this method
(less than 0.2% for values typical in this work) is considered acceptable so that the different effiects c
be seen.

2.7.2.1 Determining the Weight and Change in Weight

The operating empty weighWoew of the current 7878 is unknown at this time, as the airplane has not
been finalized yetMaximum takeoff weight, maximum fuel, and maximum payload figures are
avaibble from Boeing11], but because of the tradeff between payload and fuel, simply adding or
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subtracting these numbers will not giVéoew (As an example, the maximum takeoff weight is given as
227,930 kg (502,500 Ib) and the maximum usable fuel is 101,894 kg382)6 Subtracting maximum
fuel from maximum takeoff weight will give 126,036 kg (227,862 Ib), which is the weitiie airplane
plus some unknowamount of payload. Unpublished reportsprojectionsand anecdotes estimate
WoewWill be close to 250@0 Ib (113399kg),which is consistent with the example above. Therefore,
thisis what is used for the base airplane in this study.

Payload weightWp) is estimated by consideringfally-loaded passenger flight with no revenue cargo

As mentioned inrablel and shown irFigure5, the base airplane is assumed to be configured for 291
passengers. Assuming an averag@@f kg 230 I per passenger (including baggagehe payload will

weigh30,359 kg66,930 IF).

The fuel used for the base airplane and missia () is not known. However, current 7&7data

shows that the maximum range 16,740 km 8,500 nm) [13] and the maximum usable fuel191,894 kg
(224,638 1B [11]. Assuming that maximum fuel is used to achieve maximum range, this gives an average
fuel burn 0f6.47 kg/km 26.43 Ib/nn). Multiplying by tle distance of the base missioh139 km 2235

nm), gives a base mission fuel burn2&f, 794 kg59,070 Ih. This method will surely give a high number,
since as the Breguet equation shows, on a maximum range flight proportionally more fuel is needed to
carry the fuel than on the base mission.

For another estimatef fuel burn Boeing claims the 787 to be 20% more efficient than a[Z674).
This efficiency gain can be combined with a Boeing report that shows that theniéetaverage fuel
consumption for all 767s to k45 kg/s (11,537 Ib/hfR5], resulting in a predicted 787 average fuel
consumption ofl.16 kg/s 9,229 Ib/h). For the base mission of 5 hrs, this &nt020,933 kg46,150
Ib).

Combining these two estimates, a reasonable assumption is that the base mission will require about
50,000 Ib (22,680 kg) of fuel to be burned.

A typical reserve fuel amouniM serd IS based on a recent newspaper articlewing that American
Airlines has historically used a fleet average of between 88 to 95 minutes of reserve fuel on their flights
[26]. Therefore, 90 minutes is used in this study, which fothaBag mission gives a value 0f 1/3 in
Eq.(4) and a reserve fuel amount of 7,560 kg (16,667 Ib).

Adding all these components together gives a total airplane weigh?8f998 kd383,598 Ib)at takeoff
(Wy), and 151,318 kd333,5% Ib) at landing {V.).

The change in operating empty weigBM/oey) is simply the weight of the entire fuel cell system minus

any weight savings. The weight of the fuel cell system includes the fuel cell, hydrogen storage, heat
exchangers, pumps, blowers, piping, and accessories. It also includes additighaédded to provide

the increased demand for pressurized air required by the fuel cell. Weight savings that are considered in
this study are reductions in engine generator size, reduction in the amount of water carried (due to

! Conversation with Andy Bayliss of Boeing, Nov. 30201
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production of water from thedel cell), and reductions in 3@t carried that is no longer needed for
generating the heat and/or electricity that the fuel cell provides. Details of how the fuel cell system
component weights were determined and the specific values used are givenpte@thand6.

Using the above numbers and solution procedure,(E8).shows that every 1 k@r Ib)increase in
operating empty weight will require an additional 0.16(kg0.35Ib) of JetA fuel to accomplish the
same mission as the base airplane.

2.7.2.2 Determining the Drag and Change in Drag
Equation(5) revealed that drag is made up of two major components: drag induced by the lift force, and
parastic drag. Parasitic drag is made up of many components: Roskdrhar{23] havean 1t
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compaents. It is beyond the scope of this report to detail all these different drag components.
However, because the airplane with the fuel cell system is assumed to have the same shape and
structure as the base airplane, all of these components are comgldmnstant with one exception: the
drag due to cooling air. The need for cooling air was explained in Se2tioBand?2.2, but to
summarize:

1 Any heat generated within the airplaniecludingthe fuel cell waste heatnust be rejected to
the environment or the cabin will become intolerably hot.

1 Heat transfer through the skin of the airplane is small due to the low density of air at flight
altitudes and the composite structure of the 787.

1 Excepfor the small amount of heat lost through the skin, all heat must eventually be rejected
to the atmosphere by ram air cooling.

1 Ram air cooling adds parasitic drag to the airplane.

The key idea is that every watt of heat generated on the airplane regsine® ram air cooling, which
adds to the parasitic drag of the airplane.

Cooling drag is not a major part of overall drag and accordingly estimates of its magnitude are not
available in the literature. Even airplane desigmaeg not be sure of this numberaccording to

Roskamand Lar{23], typicalyR NI 3 FTNRY (GKS G Y 2a@eNbr Oeagutetlihpossiie NE& £
then the drag of the entire airplane is measued the difference beween theseis attributed to the
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In light of this, we must estimate the cooling drag from what is known, byalf@ving procedure:

1. Assume the total drag coefficie(y) for the 7878 is 0.022. This is in the range for jet transport
airplanes. It less than the older390B (0.024 according ®oskanmand Lari23]) and at the
limit of current technology according tillippone[27].

2. Assume parasitic dra@bo) accounts for 60% of total drag This gives a parasitic drag
component of 0.0132. This seems reasonable when compared to other trarsygmanes:

% Conversation with Andy Bayliss of Boeing, October 29, 2010.
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3.

0.0131 for a Boeing 76320, 0.0165 for an Airbus-240, and 0.0135 for a Boeing 7[Z3].

Being lower than the similadgized 767 is expected since the 787 is claimed to hdireeat

several drag reduction strategi§2g].

Assume miscellaneous drag accounts/4r of parasitic drag. Thsan averge ofthe

estimates from Roskam and L% Ref[23]) andFillippone(5%, Ref[27]).

Assume cooling air drag accounts 58t of the total miscellaneous dragThis is an engineering
estimate based on consideration and knowledge of the other components of the miscellaneous
drag category This results in a drag coefficient of 0.000D4i6ie to ram air coolinfpr the base
airplane

To relate the drag number to an amount of heat rejection, we need to estimate how much heat is
rejected in the base airplane. Again, this number is not known but must be estimabedgenerated
heat that nust be rejected by the ram air cooling system is divided into three categories:

1.

Heat generated by passengeatisorbed by the cabin air amdjected through the air
conditioning units,

Heat generated by electronics and galley equipment in the cabin, shedisorbed by cabin air
and rejected through the air conditioning units, and

Heat generated by electronics and galley equipment that is absorbed by the liquid cooling
system(power electronics cooling loop, PECS).

Estimates of the magnitudes of these categs aregiven inTable2. Itshowsthat approximately 80

kW of heat must be rejected through the current ram air cooling systémrelate this to the drag
coefficient, it is assumed that there is a linear relationship betwise drag coefficient and the heat
rejection. This results in a drag coefficient of 0.000@%KW. Therefore, given a change in cooling
demand, we can calculate the change in parasitic db&gdj by this relationship and solve E#2) to

find the corresponding change in fuel requirements. This reveals that every 1 kW of additional heat to
be rejected will require an additional 0.15 @33 Ib)of JetA to overcomehe additional parasitic drag

as a result of fuel cell deploymeahd achieve the same performance as the base airplane
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Table2: Source andestimatedmagnitudes of heat generation on board théase airplanghat must be rejected to the
atmosphere through the ram air cooling system.

Pa elge ea ehneratio
per of Pa enge eat per Pa enge ed enerated

375 (maximum design) 100 W 37.5 kW

Al e O A0 alle

ors(o e al De = 14[0 e ed enerated
IFE 20 kW 50% 10 kW
115 VAC 140 kW 50% 70 kW
Galley 120 kW 75% 30 kw
Line Ohmic Heating 280 kW 96% 11.2 kw
SUBTOTAL 121.2 kW
Liguid-cooled Electronics and Galley
Load Electrical Demand Efficiency Heat Generated
ATRU 432 kW 90% 43.2 kW
ECS MotoController 360 kW 80% 72 kW
Hydraulics Motor Controller 40 kW 80% 8 kW
Ram Air (ECS) Fan 32 kW 50% 16 kW
Galley Refrigeration Unit  n/a n/a 60 kW
SUBTOTAL 199.2 kW

TOTAL RAM AIR HEAT LOAD 357.9 kW
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3 Fuel Cell SystemHardware and Concepts
Thepurpose of the engineering analysis was to determine the feasibility of a PEMFC system on board a
commercial airplane with respect:to

1 Major component options and sizes

o Fuelcell

0 Hydrogen storage

0 Heat exchangers, blowers, and water pumps
1 Waste heat recovgrmethods
1 System locatiompossibilities
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in scope, we were unable to delve into some topics in great depth. Nonetheless, the analysis below

provides sufficient detail that this study can be used to reliably assess the impacts of using current PEM

fuel cell technology onboard commercial aircraft for the purposes indicated.

3.1 Fuel Cells

An excellent review of fuel cell systems can be found in LarmmdeDickg29]. A fuel cell provides, in
an electrochemical environment, a way to combine gaseous hydrogen and oxygen to form water
(typically as a liquid), as indicated by B®):

¢( ¢ [/ €O (/] (13)

The hydrogen fuel is not literally burned. Rather, the reaction proceeds electrochemically, producing
electrical energy and waste heat. The efficiency of the electrochemical process can be significantly
higher than tradiional combustion. Lutz et B0] compared conventional }AD, combustion with the
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efficiency ofe 35%, limited primarily by the temperatures achievable in traditional combustion systems,
the thermal efficiency of the electrochemical process ca l&0% Wright[31] has also compared fuel

cell efficiency with that of heat engines.

(@

Over the years, there have emerged five general classes of fuel cell systems, whicllarand
commercially availableTable3 briefly describes these five types.

Table3: Types of fuel cells

Fuel Cell Type Mobile lon Operating Temp
Proton exchange membrane (PEM) H 50¢ 100 °C (122 212 °F)
Alkaline (AFC) OH 50¢ 200 °C (122 392 °F)
Phosphoric Acid H e 220°C (430°F)
Molten Carbonate cQ* e 650°C el200°F
Solid Oxide o 500¢ 1000 °C (93Q 1832 °F)
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The fuel cell types can be divided into two regimesmérating temperature: lowtemperature fuel cells
that operate in the range 50°C to 220°C (£2292°F) (proton exchange membrane, alkaline , and
phosphoric acid fuel cells), and hitgmperature fuel cells that operate above 650°C (1200°F, molten
carbonde, and solid oxide fuel cells). In a related study being performed by the Pacific Northwest
National Lab (PNNL), scbidide high temperature fuel cells are being examined for their usefulness on
board commercial aircraft.

In this study, we examine tHew temperature fuel cells. Alkaline fuel cells are damaged by the small
amounts of C@in the air and are not practical for this application. Phosphoric acid fuel cells have
typically lower efficiencies and lower power densities than proton exchangebrane (PEM) fuel cells.
This leaves a PEM fuel cell as the only practical fuel cell candidate ftertgyerature fuel cell

operation onboard a commercial aircraft. A description of the PEM fuel cell is found below.

3.1.1 PEM Fuel Cell: Background

Figure8 below shows the relevant reactions in a PEM fuel cell. At the PEM anode (site of oxidation)
hydrogen gas ionizes (oxidizes), releasing protons and electrons for the external circuit. Simultaneously,
at the cathodg(site of reduction), oxygen molecules are reduced in an acidic environment by electrons
from the circuit, forming water molecules. Protons pass through the proton exchange membrane, from
anode to cathode, completing the circuit.

PEM fuel cells deliveiigh power density and offer lighter weight and smaller volume than other fuel

cell systems. Traditional PEM fuel cells use a solid proton conducting polymer membrane called Nafion,
a type of polyfluorinated sulfonic acid (PFSA) material, which allowsptadnsfer between the anode

and cathode. Porous carbon electrodes containing a platinum catalyst act asethbraneelectrode
assemblies (MEA). PEMs require only hydrogen and oxygen to operate and water to humidify the
polymer membrane.

H2
Anode 2H, Y 4H* +4¢e
Proton Exchange Membrane \% Load
-
Cathode O, + 4e- + 4H* Y  2H,0
02

Figure8: Schematic diagram of a Proton Exchange Membrane (PEM) fuel cell.
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Nafionbased fuel cells operate at low temperatures, aro@@C(180°F) The lowtemperature

operation provides for rapid statp, which is essential for aircraft per applicatiors. However, for
temperatures at or below 80%@he reaction product is liquid water, making management of liquid
water an important issue. The MEAs in PEM fuel cells require a Pt catalyst, which is sensitive to CO
poisoning If properly @signed PEM fuel cells have a low sensitivity to orientation which is particularly
favorable for aircraft applications.

It is envisioned that further advances in PEM stack design, materials, and new PEM materials may
enable fuel cell stack operation tgrarature in excess of 100°C (212°F) in order to increase its efficiency,
improve heat rejection, further decrease the size of the heat exchanger, and operate the stack at a state
where the water produced at the cathode is water vapor versus liquid. Thitwgignificantly reduce

the balance of plant (BOP), since gaseous water vapor is easier to handle than liquid water.

For this study, we will assume the current state of the commercial PEM systems for nearly all the
analysis, only considering planned tadogy in the final section to illustrate the impacts of
improvements in weight and volume reduction. Furthermore, we make no consideration of fuel cell
system cost, as this is likely to change drastically as fuel cells become more widespread and
manufacturing costs drop.

3.1.2 PEM Fuel Cell Specifics for the Study

A survey of available PEM fuel cells from various manufacturers was conducted emphasizing those
products that offer high power density (Power/Volume) and high specific power (Power/Mass), are
available in capacities on the order of the loads in this study (> 10 kW), and are provided as modules
requiring only hydrogen fuel, ambient air, and external cooling. That is, they include all equipment
required for cathode air compression, heat management, @wratrol.

The module chosen for the basis of the study is the Hydrogenics HyPM HD 12 Power Module. The
nominal power output of this PEM fuel cell is 12 kW and the specifics of its operating characteristics are
given in the Thermodynamic Analysis sectidale7, Sectiord.1.1). It should not be inferred that this

is the only product or manufacturer that will work for this application but is taken as the representative
technology and serves well tharfction of this engineering analysis.

To determine the physical sizes of the fuel cells required to meet the loads in this study, it was assumed
that an appropriatelysized module based on technology identical to the HyPM 12 could be built, and its
size waild be proportional to its power in the same ratio as the HyPM 12. However, the maximum

rated capacity was not used to determine this ratio for the HyPM 12. This is because efficiency, and
therefore fuel consumption, changes with power so that a fudl@eérating at high power will

consume more fuel on a per kW basis than one at lower powerRgpee9). This affects the hydrogen
storage system, changing its weight and volume. So the optimal operating point from a weight an
volume perspective must consider the combined fuel cell + hydrogen storage system and not just the
fuel cell itself.

In light of this, the lightest system (hydrogen and fuel cell) mass and lowest system volume operating
point for the fuel cell was caltated to be that which gives an efficiencypf,,= 40.9%l{, v = 48.4%),
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Figure9: Typical operating performance for the HyPM 12 power module. Thetefihd chart shows voltage (blue line) and

power (green line) as functionef current. The righthand chart shows efficiency (LHb&sis) also as a function of current.

Comparing the two figures reveals that the highest efficiency occurs at a low power level, and efficiency decreases as power
AYONBI &aSao b2 (&Y I'ROIEA {4-S0ND § deNRNBNAIVE32E NB G KS &t YSo CA 3dzNB TN

which @rresponds to a power of approximately 12.8 kW for the Hydrogenics module. This in turn gives

the specific power of the fuel cell module is 149 W/kg (67.6 W/Ib) and the power density is 103 W/L

(2,920 W/ff). These values may be lower than stated forSomY | y dzF I Ol dzZNB NB Q LINE RdzO i
SYLKF&AT SR GKIFd y2id 2yteé Aa GKS Y2RSt SR Y2RdzZA S |
accessories in addition to the stack but also the fuel cell is not operating at its maximum rated power.

This study alsoxamines the use of D&R&rget technology for the fuel cell system. The 2015 targets for
80 kW integrated transportation fuel cell power systems operating on direct hydrogen are 650 W/kg
(295 WI/Ib) gravimetric density and 650 W/L (18,400 WAblumetricdensity[33], and these values are
used n the DOE Target Technology Analysis (Se6t#).

Once the gross fuel cell power required for a given system was determined from the thermodynamic
analysis, the relationships (given above) for mass and volume were usalttdate the necessary size
of the fuel cell module.

3.2 Hydrogen Storage
The hydrogen storage options considered are:

1. Metal Hydride
2. Liquid
3. Compressed gas: 350 bar (5,000 psi) and 700 bar (10,000 psi)

FigurelOandFigurell provide comparisons between these options in terms of storage mass and

volume respectivelyfor given amounts of hydrogen stored. Each of these optiodessribedbelow in
this context.
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Figurel0: Mass ofdifferent hydrogen storagdanksas a function of the mass of hydrogen stored. Compressed gas storage
at 350 bar(5,000 psiypffers the lowest mass solution for currently available methods. The proposed liquid storage methods
are promising improvementsdr the future. References[34-42].
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Figurell: Volume of different hydrogen storagtanksas a function of mass of hydrogen stored hecompressed gas
options requre a larger volume than eithethe liquid or metal hydride optiong34-41].

3.2.1 Metal Hydride

An alternative to storing hydrogen as eitheegas or liquid is to store it in a compound as a metal

hydride. Metal hydrides have been investigated for many years for their interesting technical properties

[43]P h@dSNJ G6KS @SIFENEX F ydzYoSNI 2F OflFaairo aAyidSNEIG)
commercially avagble. Examples include LaN¥e TV alloys, and many other§.hese materials are

kinetically fast, fully reversible, but typically their gravimetric capacity is low (typically about 2%),
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because heavy metals are employed. This poor gravimetric ¢apapiarticular troublesome for
applying classic metal hydrides in weiglensitive application, for example in automobiles oflmrard
aircratft.

More recently, metal hydrides have been investigated as a way of storing hydrogen for automobile
applications For example, Sandia has been the lead laboratory for The Metal Hydride Center of
Excellence (MHCoE, www.ca.sandia.gov/IMHCOoE/), aflidEd center comprised of nine universities,
six national laboratories, and four companies, all collaborating to dpvalivanced materials for
automotive applications that reversibly store hydrogen with high weight percent and improved
volumetric density. A number of interesting high capacity materials have been developed, for example
AlH; (10 wt. %) and Mg(BM (14 wt.%). All of these materials are at this point research materials only,
not ready for use in a practical near term aviation system. One of thekbestn of the higher capacity
metal hydrides is Tdoped sodium alanate, NaAJR4]. As a practical matter, only a maximum of
approximately 4.5 wt. % percent is released from the material. This gravimetric gaigaenit
improvement over the classic metal hydrides with a weight percent typically of 2 wt. %.

In order to release hydrogen from NaAlldne needs to heat the material to temperatures around
150°C (300°F)Recently, Sandia has completed a project ificivithe engineering issues associated with
building a 5 kg (11 Ib) NaAldutomotive tank, with all the attendant heat transport and kinetic issues,
have been worked oyt#5]. However, such a tank is at an R&D stage, and not really ready for-a near
term commercial aviation applications.

The only metal hydrides that are readily commercially available are the interstitial metal hydrides, and
so, we report on the weight and ftametric capacities of a commercially available metal hydride (OV
679) made by Ovonic Hydrogen Systems. It is a proprietary mixture of nominal formdbawiere A
=Tiand Zr, and B = V, Cr, and Mn. The weight and volume estimates we make alsthachrmeshell
and internal structure including heat exchange tubing. A picture of the system used for the data is
shown inFigurel2. We do not go into detail on these considerations, as it can be seerHigume10

that metal hydrides are simply too heavy to be reasonably used for éyoard aviation application.

3.2.2 Liquid

| @RNRPISY KIFI&a 06SSy ai2NBR F2NJ RSOFIRSE& FTYNI kA WR&A §j Nk
space applications. Fmuch smaller quantities of hydrogen, there are no liquid hydrogen storage tanks

suitable for transportation applications that are available on the open market. However, same LH

storage systems have been demonstrated in either prototype form or in smaiitities. The size

OKI N} OGSNRAaGAOa 2F (GKSaS | NB FigurelSdn@RurélBandit[isA |j dzA R 0
assumed that these could be produced if need#éccan be seen that theucrent technology of liquid

tanks is comparable to the 350 bar pressurized tanks in terms of weight, and less than either pressurized

tanks in terms of volume.

There are two categories of liquid storage. The first is where the hydrogen is stored akiapgedy 20
K €424°F), but the pressure above the liquid is simply the equilibrium vapor pressure established by the
LH at that temperature. A second type of liquid storage is one in which the tank containing the liquid
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Figurel2: Picture of Ovonics metal hydride storage tank. The nameplate indicates the system shown can store 3 kg (6.6 |b)
of hydrogen, has a mass of 190 kg (419 Ib), and a volume of 60 L {p.1Fitom Chao et aJ36], see for more details.

2 Vacuum shell
Compogho support s el
fings :
Gaseous H, fill line
Carbon-fiber, high
pressure vessel

Liquid H, fill line

Figurel3: Cutaway view of one of the current technology crycompressechydrogen storage tanks. This design can store
10.7 kg (23.6 Ib) of hydrogen at 345 bar (5,000 psi) with tamky mass of 155 kg (342 Ib) and volume of 297 L (16)5 ft
Figure and data fronj34].

hydrogen is pressurized and the hydrogen exists as a supercritical fluid. The latter is referred te as cryo
compressed and offers improved gravimetric and volumetric storage density over an atmospheric
pressure Lklvessel. A current version of the crgompressed tank is shown kigurel3.

There are several improvements to the cigompressed tanks that are under development, and they
FNBE AyOf dZRSR Ay GKS G[AljdZAR 6t NRPLI2aSR0Oé OF GS32NE
weight reduction over other storage methods, being approximately half the weight of thentuigaid
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technology. The improvements to this new technology , namely optimizing the pressure vessel and shell
designs thereby reducing wall thicknesses and changing to lighter materials, are rather straightforward,
and should lead to robust commerciadlyailable cryecompressed hydrogen tanks in the future.

One potential drawback of a liquid hydrogen storage system is the fact that the liquid will absorb heat
from the surroundings and evaporate, leading to pressure rise within the vessel. When tharpres

builds to the maximum level allowed, the hydrogen is vented to the atmosphere so-asaghliquid
hydrogen tank will exhaust itself over time. However, the etgmpressed design averages less than
0.5% loss per day. Furthermore, this loss beconeggigible in the airplane application where the
hydrogen only needs to be stored for the several hours to complete the mission. Of course another
consideration for LKis the fact that it takes a lot of energy to liquefy hydrogen: up to 30% of the
combusgion energy of LEimust be consumed in order to produce hydrogen at T = 20K. This represents a
drawback from Lkbeing widely available as part of a growingirastructure.

Cryocompressed hydrogen offers promise for future systems, especially ifghesf liquid hydrogen
generation, storage, and refueling are satisfactorily solved. However, for this study even these
potentially minor issues are not worth the slight increase in gravimetric storage density vs. compressed
gas (sed-igurel0), and the cryecompressed storage option was not considered further.

3.2.3 Compressed Gas

Thecompressed gas storage tanks analyzed for this study are composite tanks with polymer liners, also
known as Type IV tanks. They are the highest prestightest weight tanks available on the market.

The data for the 350ar (5,000 psiand 700 baf10,000 psijanks shown irFigurel0andFigurell

come from two commercial vendors, Lincoln Compasiad Quantum Technologie®ictures of the

Lincoln and Quanturtanks are shown ifigurel4. Compressed gas at 700 KAa0,000 psijvas

eliminated during preliminary screening because although it has a smaller volume thanr350ba
psi)tanks, the weight is more and it has additional safety aradlogistics concernsThe 350bar tanks

are feasible for use choard the airplane and were selected for use in the engineering analysis.

For use in this study, 350 bar compresged hydrogen tanks were sized according to the linear trend
observed irFigurelOandFigurell. Itis assumed that a custedesigned tank would be used for the

Figurel4: The compressed gas hydrogen taskrom Lincoln Compositefeft) and Quantum Technologies (right)
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airplane application and it would have similar characteristics to thehefshelf models that are
depicted in the figures. Therefore the equation usedime she tank mass is the one used to linearly fit
0KS YIydzZF OGdzZNENBRQ RIFGFY

YOEDi ip® @00 Oi T P o¢ (14)

For 6 kg (13.2 Ib) of hydrogen, this leads to a tank mass of 98 kg (216 Ib), or about 6.1% gcavimet
RSyairideo {AYAE NI @& F2N @2fdzySz GKS fAYySENI FAl
hydrogen mass and volume for the 350 bar (5,000 psi) compressed gas tanks is,A7(0.68 Ib/ff).

This study also examines the use of Béiget technology for the hydrogen storage system. The
Gdzt G A YL (S é¢-boart INEFE&EnStordge syseyns for lighity vehicles are 7.5% gravimetric
density and 70 gyl (4.37 Ib/ff) volumetric densit§46], and these values are used in the DOE Target
Technology Analysis (Secti6r2.4).

Once the amount of hydrogen required for a given system was determined from the thermodynamic
analysis, the relationships (given above) for mass and volume were used to calculate the necessary size
of the storage tank.

3.3 Heat Exchangers, Blowers, and Water Pump s

A fuel cell system requires a number of components for operation, including pumps, blowers, fans, and
heat exchangers. The primary method to determine the fuel cell system component sizes (weight and
volume) was to use the grmodynamic analysis of the system to find the performance requirements,
and then consult with manufacturers for the appropriate available or planned product that will satisfy
those requirements.

Representative heat exchanger sizes were found by consuwlithg_ytron Inc., a manufacturer that

offers a standard and custom products for both air/liquid and liquid/liquid applications. Although sizes
may differ from one manufacturer to another, the differences are expected to be small given the
thermodynamic ad heat transfer constraints of typical heat exchangérsthe sizing process, the type
and flow rates of both fluids along with the ratio of required heat transfer to initial temperature
difference (Q/ITD) were taken from the thermodynamic analysi®s&imumbers were used to find the
appropriate heat exchanger from the Lytron catalog and its associated weight and volume.

Blowers are used to feed air into the cathode input on the fuel cell, and for supplying cooling air in the
air-cooled system casefRepresentative blowers were sized by using the required pressure rise and
flowrate from the thermodynamic analysis to find commercially available blowers that would meet
these needs. The product line available from Ametek Technical & Industrial Pradsafsplier of a

variety of blowers including those specific for fuel cell applications, was taken as representative of the
type that would be deployed in an actual system.

For the pumps, ater flowrate and required pressure head were calculated by thentimelynamic
model. Similar to the blower, appropriatetjzed, commercially available water pumps from Ametek
were used as representative of the size of pump that would be deployed in the actual system.
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3.4 Electrical Load and Components

The fuel cell size depés on the power load that it must serve, and the hydrogen tank depends on the

amount of energy it must store to meet that given load for the specified time. Because all other
O2YLRyYySyila Ay

GKS aeadasSy vydzadl
on the load. Therefore, to find the system size and performance, it is necessary to specify the load for

which it is designedTabled shows the nine load scenarios that considered in this study. More
information on each load can be found in Sectb(galley), Sectio@.5 (IFE), and Sectidh6 (peaker).

The choice of distribution voltage and type (AC or DC) cancinipa number and size of the wires
required, so this must be determined before wire mass and volume is estimated. Three possible
distribution methods were considered:

1. Low voltage (50 Volt) DC. A DC system has the advantage of not requiririCaibv@ter and
needs two wires compared to a thrgghase AC system. A voltage lower than 50 V provides
safety and maintenance advantages. However, wire diameters will be the largest of all options.
The 787 does not currently have a 50 VDC distribution systeat{gure7 in Sectior2.6), so
this option is mainly considered for stasatbne configuration (a dedicated fuel cell and load
circuit independent of the existing electrical system).

Table4: The nine different load scenarios considered in this study.

ID Load Description

1

In-flight entertainment (IFE;
Mid-galley

Forwardgalley

Aft galley

All galleys combined
Single peaker

Both peakers

All galleys (5) and both
peakers (7)

All loads (1, 5, and 7)

Maximum Electrical Demanc

20 kW

20 kW

40 kW

60 kW

120 kw

75 kW

150 kw

150 kW

170 kW

46

Phases of Flight
All

Initial taxi, takeoff and climb, and
cruise

Initial taxi, takeoff and climb, and
cruise

Initial taxi, takeoff and climb, and
cruise

Initial taxi, takeoff and climb, and
cruise

Descent and landing

Descent and landing

120 kW during initial taxi, takeoff
and climb, and cruise; 150 kW
during descent and landing
140 kW during initial taxi, takeoff
and climb, and crgie; 170 kW
during descent and landing, 20 kV
during final taxi

0 S menfs, théyRalsaideperdti2
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2. High voltage£270Volt) DC. This system has the advantage of being DC, but requires more
attention to safety during maintenance than the 50 VDC system. The 787 already-223 a
Volt distibution bus (sed-igure7) so this will not add any additional requirements and will
allow the fuel cell system to tie directly into the existing system.
3. 230 Volt AC. This is the main electrical distribution bus on the 78F{gar=7). While this
system requires a DEC inverter, the electricity from the fuel cell sent to this bus can be used in

all airplane loads.

Table5 shows the amperage requirements for the three optiamd the different possible loads. The

AC current calculations assume a 0.95 power factor. Note tp&a3e AC power inherently requires

less current per wire than equivalent DC power. The 50 VDC option has very large currents,-and high
current DC manwot allow application of proper switching and protection equipment. Therefore, 50 VDC
is eliminated from further consideration.

Table6 shows the appropriate wire sizes based on the design current. It is asshateah AC

Table5: Design current required for the three electrical distribution options. The 50 VDC option would require currents that
are too high for switching and circuit protection equipment.

Design Current (150% Rated As)p

Load (kW) 50 \DC +270 \DC 230 \AC
75 2250 417 297
60 1800 333 238
40 1200 222 159
20 600 111 79

Table6: Wire sizes for the 270 VDC atd30 VAC distribution systems.

+270 VDC Wire Selection

Load Numberof Ib per
(kW) AWG Condutors 1,000ft.
75 4/o 2  486.8  1.238
60 3/o 2 404.0 1.134
40 1 2 216.7 0.81
20 6 2 - 794 0.496
sowCwieseeson
Load Numberof Ib per
(kW) AWG Conductors 1,000ft.
75 2/o 3 3214 1.02
60 1/o0 3 258.4 0.91
40 2 3 171.5 0.734
20 6 3 79.4 0.496




distribution system will utilize the existing grounding bus running throughout the 787, so only three
conductors are needed. Note that there would be two 75 kW units for the Both Peakers load, resulting
in a total of four condudairs for the DC case and six conductors for the AC case.

Because of the difference between the two system types (DC vs. AC), it is necessary to also consider the
difference in equipment; that is, the size of the-DC converter for the DC system vs. the sikthe DE

AC inverter for the AC system. Commercially available equipment was used to estimate these sizes. For
the DGDC converter, we used an aviatioptimized 60 kW unit manufactured by AeroVironment has a
specific power of 3.8 kW/kg and a powemddy of 2.8 kW/l[47]. For the D&C inverter, we used a 30

kW trarsportation unit manufactured by US Hybrid has a specific power of 1.07 kW/kg and a power
density of 1.12 kW/[48]. These values were linearly scaled by the poweragch load to find the sizes

for this study.

3.5 Piping and Tubing

Gaseous hydrogen &ssumed to be distributedt approximately 446 kPa (50 psimy) stainless steel

(type 316L or 304L) seamless tubimith a low pressure drop over the length of the run.isTitesulted in
nominaltubing sizes of Y%nch and 34inch OD (outside diameter)Standard tubingvall thicknesses of

0.035 inch and 0.04#xch for the %inch and 34nch diameter tubing, respectively, were used. This
provides a minimum design pressure &890 kPa (2,000 psig). Although this is well above the

intended distribution pressure, it provides a safety margin in case of regulator failure, and mitigates the
effect of possible tubing wear in the higfibration environment of an airplane. As custers and
passengers feel more comfortable with hydrogen safety, it may be reasonable to reduce the wall
thicknesses or possibly switch to a Ametallic tubing to optimize the weight.

Supply and exhaust air streams are assumed distributedibghd(nominadiameter) PVC ducts, and
water by %inch (nominal diameter) nylereinforced silicone tubing. Either medium could be used to
transfer heat from the fuel cell to the heat load, but preliminary analysis revealed that conveying heat
via hot water greatly rduced the weight and volume of the piping compared to using hot air.
Furthermore, heat exchangers and fans/pumps are more efficient when handling water. For these
reasons, conveying heat via hot air was rejected and not considered in any further analysis

The size of the regulator is taken to be 0.6 L (36.6 in3) and weigh 2.3 kg (5 Ib). Each hydrogen tank is
assumed to have one regulator, and to find the number of regulators required, it is assumed that the
maximum capacity per tank is 7 kg (15.4 Ib).

3.6 Fuel Cell Waste Heat Recovery Options

ThePEMfuel cell generates two streams of waste heat. One is the exhaust of oxigpdeted air after

it passes through the electrochemically active portion of the stack (the cathode), and the other is the
hot liquidin the cooling loop that is used to maintain stack temperature at an acceptable level. In this
study, the stak was assumed to operate at°T(158°F)meaning that both the air and hot cooling

water are expected to come out at this temperature. The capliuater carries a significantly higher
proportion of the heat loadover 90%of the total heat rejected is through the cooling water.
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The fuel cell also releases a small amount of hydrogen. In modern stacks this amount is so small that it
is safely mixe with the oxygerdepleted air within the fuel cell module and released with that stream.

One additional concept that was considered is takhigsmall amount of hydrogen andhstead of

combining it with the air exhausburning it in a combustor to eate a higitemperature waste heat

stream. Because the combustor would realistically need to be located in thefeé tail section, the
application of this concept is limited to the heat loads in the rear of the aircraft.

The remainder of this sectiahescribes the places on the airplane that may be able to utilize fuel cell
waste heat, and options for fuel cell system configurations that supply varying degrees of waste heat.

3.6.1 On-board Uses of Waste Heat

There are few places on the airplane that requieat. The largest load is for wing-géng. On the 787

this is handled bglectricalresistance heaters on the leading edges of the wing, with an electric demand
of 30-85 kW per winj While heating the leading edges with hot air is commarcommeral aircraft

doing this on the 78sing the hot air derived from fuel cell waste headuld requirea siguificant re

design of the wing. Thereforthis potential use of waste heat was not considered.

In the cabin, here are three uses of heat: (1) hoater for washing in lavatories and galleys, (2) hot
water for beveragesand (3) food service ovenkowgrade waste heat from the fuel cells could provide
wash water aan acceptable temperature (46 115°F, and could préheat the beverage water and/or
the food service ovens. The high temperature waste heat concept (burning the hydrogen, described
above) could be constructed using a hydrodeeledfurnace arrangement, with the resulting hot air
stream used to fully heat the galley ovens, completeplaeing their electrical needgThe

effectiveness of this concept is analyzed for the rear galley oagi@&ase 5 in this report, see Section
6.1)

It should be noted that thair conditioningneeds of the cabin are entireboolingrelated, as the heat
released from passengers is in excess of that naturally lost to the surroundings. This effect is
compounded in the 787 due to its -@lbmposite fuselage which is more insulating than the traditional
aluminum structure. The ansition to the more electric airplane architecture has also added heat loads
in the form of the inefficiencies of increased electronics and power handling equipment. In fact, the 787
differs from other commercial airplanes in that it employs a liquidiogdoop extending throughout

the fuselage to help reject the large amount of generated H{eaé SectioR2.2).

If liquid hydroger(LH) storage is used, it is required to add heat to the storage tankaintain the
pressureat alevelhigh enough fofuelingand to preheat the hydrogen from its 20 K (nominal) storage
temperature to that usable by the fuel celhs an example, simulation results (describe@apter6)

show that a 20 kW fuel tlesystem requires approximately 345 2740 Ib/hr)of hydrogen gas.
Thermodynamic calculations reveal that this flow rate requires 1.22 kW to heat the hydrogen from 20 K
to 300 K(-424°F to 80°Frnd an additional 0.12 kW of heat is needed to maintiagstorage tank

pressure (using data fromhluwalia et al[35]), for a total of 1.34 kW of heat required. The 20 kW fuel
cell module produces approximately 20 kWhafsteheat, so using some of this heat to gneat the

% Conversation with Joe Breit of Boeing, July 21, 2010.
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be rejected to the surroundings. However, the heat requirement is small compared to the amount of

waste heat the fuel cell produces (approximatéds ofthe waste heat is neededand the heat

exchangers required for this will add to the system weight and volume. Thus, the overall effect of using

the waste heato warm the hydrogen gas frothe liquid hydrogen supply system is ignored in this

work.

Aremainingu$ 2F KSIFG A& (2 KSIF{ M8 AnjaddiiddiofiheaSdite fuelNR Lidz &
will decrease the amount of fuel burned by the engines, resulting in an efficgaieyMilitary aircraft
commonly use this strategy with a varietyafboard heat sources, whilenacommercial airplanethe
practice is common within the engingsemselveswhere the fuel is pp-heated by the engine oil. The
only drawbacks are a slightly higher pressure drop in thedystem due to the heat exchangeand

the danger of volatilizing the fuel if its temperature becomes too high. The former problem can be
easily solved by appropriately sizing the fuel punfjor the latter issue, simulation results in this work
reveal that for a 20 kW fuel cell systeand the flightaveraged JeA flowrateof 1.26 kg/s (24.9 gpm)

the fuel temperaturewould increase by about °C (3°F). For a 170 kW fuel cell, the fuel temperature
would increase be aboui4 °C 07 °F). JetA begins to boil at approximately 200 °@Z3F)49], soJetA
volatilizationshould notbe a concermexcept formuchlarge fuel cel systems.

3.7 Location Options for On-board Fuel Cell Systems
There are five main location categories that were considémdtis study

Fuel cell and hydrogen near load (base case)
Fuel cell and hydrogen in fairiéggNJ & LI O1 o & ¢
Fuel cell and hydrogen inita
Hydrogen in the fairing, fuel cell at the loads
5. Hydrogen in the tail, fuel cell at the loads
A dimensioned outline of the 783 isgivenin Figurel5 showing each of these locations.

b

The issues influencing the choice of theioml location of a fuel cell are:

Available space on the airplane

Safety of the installed systems

Tubing, ducting, and wiring mass and volume

Fuel cell waste heat recovery

Rejection of waste (warm and moist air from the cathode, condensed water, hotrepaled/or
excess hydrogen)

These factors are described below, along with the screening procedure

o s~ wDh PR

3.7.1 Available Space on the Airplane

There are two locations on the airplane where there is a significant amount of empty space due to the
aerodynamic requirementsf the airplane shape: the fairing (where the wing joins the body) and the tail
cone. These two locations have the advantage of being able to host excess equipment volume without
compromising interior space or changing the external shape.
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Figurel5: Dimensioned outline drawing of the 788, showing location of the loads and options for the fuel cell and
hydrogen storage.Dimensioned drawing (without locationsfrom [11].

51












































































































































































































